Ni-Fe-base superalloy 706 has been used for high temperature services.
Introduction
Ni-Fe-base superalloys are age-hardened by the precipitation of coherent y ' and/or y " in the austenitic matrix y (1) . Alloy 706 is a relatively new material and was developed from Alloy 7 18, a representative wrought superalloy. Compared with Alloy 718, it has a chemical composition of no molybdenum, reduced niobium, aluminum, chromium, nickel and carbon, and increased titanium and iron. This excellent balance of chemical composition results in superior characteristics to Alloy 718 in the segregation tendency, hot workability and machinability (2) (3) (4) . Therefore, Alloy 706 is suitable for large forgings and has been used for high temperature services (5) .
The time -temperature -precipitation (TTP) diagram is one of the essential tools for designing the heat treatment of precipitation strengthened superalloy. Especially for Alloy 706, complicated heat treatments are used to draw its full ability (6) . In fact, its mechanical properties are greatly affected by the precipitation at the heat treatment (7-l 1). The TTP diagrams of Alloy 706 have already been presented (2, 3) , and updated recently (12) .
Alloy 718 has been investigated thoroughly on its TTP behavior, which has led to many compositional modifications (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . However, effects of aluminum, titanium and niobium, which are all important substitutional elements in the precipitation of y ' and y 'I, on the TTP behavior of Alloy 706 are not clear in the literature. In this study, the TTP diagrams are presented for six experimenyal706 alloys, in order to clarify the role of Al, Ti and Nb in the TTP behavior.
Procedure

Material
Six heats of experimental alloys were melted in a 50 kg vacuum induction melting (VIM) furnace. The chemical composition of these six alloys is listed in Table I . Alloy 706 contains Al, Ti and Nb, but these experimental alloys contain only one or two of these elements. Nickel and chromium contents were nearly constant in all the alloys as shown in Table I , with iron being the balance. All the ingots were diffusion treated and subsequently forged to the billets with a cross section of 30' x 120'" mm*. The billets were sectioned mechanically into samples of suitable sizes. For comparison, a commercial Alloy 706 forging, a large turbine disk, was also used as a sample.
The condition of solution treatment for each heat was determined by preliminary experiments so as to fully dissolve precipitates formed in the forging process and to obtain a mean grain size of ASTM #3-4. After the solution treatment, samples were isothen-nally heat treated in a temperature range of 600 -900°C for up to 100 h. In this study, the heating rate to the solution and aging temperatures was 50"C/h as shown in Figure 1 . simulating a large forging. 
Evaluations of Precinitation Behavior
The heat treated samples were subjected to optical microscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) for their precipitation behavior. The sample preparation and observation conditions are described elsewhere. Hardness was measured by a Vickers hardness tester, in order to produce the time -temperaturehardness (TTH) diagram.
When solution-treated at 980°C for 2h, the grain size of all the alloys tested was within the range of ASTM #3 to 4. The grain grew rapidly to ASTM #l-2 above lOOO"C, regardless of alloy composition. Therefore, the solution treatment was done at 980°C for 2h for all the alloys. The conditions of solution treatments were investigated in a range of 850 -1050°C and 0.5 -5h. Figure 2 shows the relationship between Vickers hardness and the test temperature for the six experimental alloys aged for 2h. Hardness of all the alloys decreased rapidly over the temperature range from 9OO'C to 950-C, and tailed off at about 120 Hv when temperature exeeds 95O'C. It indicates that y ' and/or y " formed during the forging process are fully dissolved above 95O'C. The dissolution temperature was practically the same for all the experimental alloys, suggesting the solvus temperature of these precipitates being unaffected by their chemical compositions. This is consistent with the early work (7).
In order to be sure if the grain boundary precipitate such as 7 and 6 is dissolved, all of the solution treated samples were subjected to optical microscopy and SEM. The microscopic observations revealed no precipitate either in the grain or at the grain boundary in any of the alloys tested, as shown in Figure 3 as an example. Carbide and /or nitride have been reported to appear occasionally at the grain boundary (2-4, 7-10, 12). However they were not seen in this study due possibility to the relatively low carbon and nitrogen contents of these alloys. The TTH diagram of Alloy 706 is similar to the one in the previous report (12) . However, the "nose" temperature of the diagram is higher in this study. This is thought to be due to the precipitation of y ' and/or y " during the heating stage of the heat treatment that simulated slow heating of large ingots.
Identification of Precbitates
As an example, SEM micrographs of alloys Nos. In the case of alloy No.5 and commercial Alloy 706, precipitates of different shape were observed. Figure 7 shows TEM micrograph, selected area diffraction pattern and micro beam diffraction patterns of alloy No. 5 aged at 73OC for 10h. The disk shaped precipitates were observed inside the grain, appearing the same as y " reported on Ally 706 (4) and on Alloy 718 (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . The diffraction patterns, prove that they are y " phase. The precipitate designated C has a diffraction pattern of y ', but it may be a y " disk that is viewed from its cOOI> direction. The precipitates in No.5 contained Ni, Nb and Ti, with the ratio of Ni to (Nb+Ti) being nearly 3 : 1. From the diffraction patterns, the non-spherical precipitates are the coprecipitate havmg the core of y ' phase being overlayed with y " phase on its top and/or bottom, which is referred to as "non-compact morphology" (I 3-22) . The co-precipitate is expressed here y '-y ". The results of micro-beam EDS revealed that the y ' phase contamed Ni, Ti, Nb and Al, and 7 " phase Ni, Nb and Ti, and that the ratio of Ni to (Ti+Nb+Al) were nearly 3:1 for both y ' and y " phases. These co-precipitates were also found in alloy No.5.
The Inter-granular precipitates as seen in Figure 5 The 7 phase appears parallel to each other as seen in Figure 5 in order to meet this orientation relationship. y " and y '-7 " are seen only in Nb-containing alloys, suggesting that the y " formation requires both Ti and Nb. These precipitates are the cause of the greater hardness of the Nb-bearing alloys, described ealier with respect to their TTH diagrams. That is, the y " phase reinforces the matrix more effectively than the y ' phase (1).
The region of 7 precipitation grows wider as aging time mcreases m all the alloys. In fact, the 7 phase was found to shoot out from the gram boundary as the aging trme increased at about 800°C. The y ' , y ", y '-y " all transform eventually to 7 when aged for long time at high temperatures in all the alloys tested. However, the region of 7 prectpttatton is much wider in the Nb-free alloys than in the Nb-containing alloys, suggesting that y ' transforms to 7 more readily than y " and y '-y ". That is, the Nb-containing alloys are thought to be more stable at high temperatures, This is supported by the aging response previously described of Figure 4 . Thus, Nb not only reinforces the matrix by the y " precipitation, but also enhances the high temperature stability by delaying the transformation from the mtra-granular precipitates to the grain boundary 7 phase. 
TTP Diagram
As described above, four types of precipitates were identitied in the allays containing Ti. y ' and 7 were found in alloys Nos.2 and 4. In addinon to them, y " and y '-y " co-precipitate were found in alloy No.5 and Alloy 706. The TTP dtagrams of the four alloys are shown in Figure 10 .
The regions of y ' , y " and y '-y " agreed well with the TTH diagram. The solubility for Al in y " is extremely low whereas that for Nb in y ' is very high, hence a low Al content favors the y " formation whereas high Al content the y ' phase (4). This effect is seen in Figure 10 . The dominant y '-y " co-precipitation should be explained by the same effect of Al addition. Moreover, the same effect is expected in the transformation to 7, since 7 has little solubility for Al (1) . Further study is needed to shed more light on the stability of the precipitates as influenced by the chemical composition.
Conclusions
In order to help design the modification of Alloy 706, the isothermal TTP and 'ITH diagrams of experimental alloys and commercial Alloy 706 are presented. y ' , y 'I, y '-7 " co-precipitates and 7 were found in the alloys containing Ti.
Ti plays the most important role in the precipitation strengthening of Alloy 706. Al and Nb do not serve as a hardening agent without Ti. Nb is needed for the strengthening through the y " formation and the prevention of 7 formation. Al is useful for the formation of stable y '-y " coprecipitates, and is effective when Ti and Nb are both present.
